Bulk second-harmonic generation (SHG) inside glass slides is directly detected unambiguously without interference from surface contributions. This is enabled by tightly focused and highly localized ultrashort laser pulses. The theoretical calculations based on vector diffraction theory and the phenomenological model of SHG inside centrosymmetric materials agree well with the measured far-field SHG radiation patterns for different polarization states of the fundamental beam. The results indicate that the observed bulk SHG is predominantly related to the bulk parameter δ and originates from the three-dimensional field gradient in the focal region. DOI: 10.1103/PhysRevB.93.161109 Under the electric dipole approximation of light-matter interaction, second-harmonic generation (SHG) is usually considered forbidden in bulk centrosymmetric materials. Dipolar SHG is allowed through a surface contribution arising at the interface between centrosymmetric materials where centrosymmetry is broken [1, 2] . However, when higher-order multipole interactions [3, 4] , such as magnetic-dipole and electric-quadrupole interactions, are taken into account, SHG can occur even inside bulk centrosymmetric materials, which was observed in several experiments [5] [6] [7] [8] . When SHG is used as a surface or interface probe, it is essential to separate bulk contributions from the measured SH signal and verify that such multipolar contributions are actually negligible [9] . In addition, as suggested recently, strong multipole interactions may bypass the noncentrosymmetry requirement and promote applications of new nonlinear materials [10, 11] . Therefore, a thorough understanding of the physical mechanisms behind bulk SHG from bulk centrosymmetric materials is fundamental for many practical applications utilizing SHG [12] .
Under the electric dipole approximation of light-matter interaction, second-harmonic generation (SHG) is usually considered forbidden in bulk centrosymmetric materials. Dipolar SHG is allowed through a surface contribution arising at the interface between centrosymmetric materials where centrosymmetry is broken [1, 2] . However, when higher-order multipole interactions [3, 4] , such as magnetic-dipole and electric-quadrupole interactions, are taken into account, SHG can occur even inside bulk centrosymmetric materials, which was observed in several experiments [5] [6] [7] [8] . When SHG is used as a surface or interface probe, it is essential to separate bulk contributions from the measured SH signal and verify that such multipolar contributions are actually negligible [9] . In addition, as suggested recently, strong multipole interactions may bypass the noncentrosymmetry requirement and promote applications of new nonlinear materials [10, 11] . Therefore, a thorough understanding of the physical mechanisms behind bulk SHG from bulk centrosymmetric materials is fundamental for many practical applications utilizing SHG [12] .
Various attempts have been made to characterize surface and bulk contributions to SHG [7, 8, 13, 14] . For example, the SHG based on two noncollinear fundamental beams [7, 8] has been widely used to study surface and bulk contributions in a quantitative way. However, up to now, the separation of surface and bulk contributions is still known to be a fundamental difficulty in the field of SHG from centrosymmetric materials. Since two-beam overlap in a spatial region is usually several millimeters long [8] , the excitation field is not highly localized. Furthermore, as the SH signal is often too weak to detect when the interaction volume is deep inside the bulk material, the excitation region is often chosen to be near the surface in order to maximize signal intensity [15] . Thus the surface dipolar response cannot be completely avoided, which often perturbs the bulk response. This contributes to the wide variation of results reported in the literature. So far, the mechanism of bulk SHG inside centrosymmetric materials still remains unclear.
Bulk SHG has been previously observed in centrosymmetric gaseous materials [16, 17] with focused laser pulses, where * Corresponding author: rhui@ku.edu SHG was attributed to the ponderomotive force caused by the transverse field gradient. To the best of our knowledge, the generation of bulk SH inside solid materials such as glass using a tightly focused excitation field has not been reported. Here, we demonstrate bulk SHG inside several types of glass slides using a simple experimental setup based on a single tightly focused, high-intensity femtosecond laser beam. Owing to the highly localized excitation field, when the focal spot is completely moved inside the bulk of a glass slide, the surface contribution can be effectively eliminated and only the bulk contribution related to the field gradient is present. This allows the investigation and clarification of bulk SHG mechanisms without interference from other sources, which was not possible with previous techniques. The theoretical results of SHG radiation patterns agree well with experimental observations. Those results indicate that the detected bulk SHG is predominantly created by [E (ω) (r) · ∇]E (ω) (r), which arises from the three-dimensional (3D) gradient of the tightly focused excitation field E (ω) (r) at the fundamental frequency ω. For an isotropic material, the bulk response can be phenomenologically described by a nonlocal bulk polarization P (2ω) bulk (r) [7, 8, 18, 19] ,
where β, γ , and δ are material parameters which depend on the magnetic-dipole and electric-quadruple tensors of the isotropic centrosymmetric material. The first term on the right-hand side of Eq. (1) vanishes for a homogeneous medium in which ∇ · E(r) = 0. In traditional measurement techniques, the contribution from γ is usually included in an effective surface response due to the fact that it always behaves as the surface contribution and cannot be separated from the surface response [9] , which is also the fundamental difficulty in the use of SHG as a strictly surface probe. When there is only a single plane wave (PW) in the bulk of the centrosymmetric material, the parameter δ cannot contribute to bulk SHG. However, if a strong field gradient occurs, e.g., in the case of a two-beam scheme or focused field excitation, the contribution from δ will be present. [21] ). The position of the glass slide can be displaced along the beam propagation direction by a motorized translation stage with a 1 μm step size. Thus the excitation focal point can be moved from the front surface to the back surface through the bulk of the glass. After beam propagation inside the sample, it is collected and collimated by another identical objective lens. A short-pass filter is used to remove the fundamental beam, and the SH signal is detected by a spectrometer (Maya2000 Pro, Ocean Optics, Inc.). In addition, the SH emission patterns corresponding to different excitation conditions are recorded by a video camera.
Both SHG in the two-beam scheme [8] and third-harmonic generation (THG) under focused field excitation [22] from BK7 glass have been previously studied, SHG based on a focused excitation field inside the bulk of a glass slide has not been reported. We first used a borosilicate glass cover slide as the sample, and the excitation beam was focused inside the bulk of the glass slide. SH at a central wavelength of 537 nm was measured by the spectrometer, as shown in Fig. 1 . The spectrum of the fundamental excitation beam with a central wavelength of 1075 nm is also displayed for comparison. Note that under this excitation condition with the focal point inside the glass sample, THG was too weak to be measured. A more systemic measurement was then performed by scanning the sample position along the beam propagation direction, so that the focal point could be moved into and out of the sample continuously. Figure 2 shows the normalized intensities of SH and third-harmonic (TH) signals, respectively, measured by the spectrometer as the function of the focal position inside the sample. The shaded region indicates the cross section of the glass slide. Considering the refractive index n = 1.507 of borosilicate at 1075 nm excitation wavelength, the glass thickness of 146 μm corresponds to a sample traveling distance of 97 μm from one surface to the other. In the process of moving the excitation focal point from air into the glass slide, a strong TH signal was observed when the focal point is at the air/glass interface. This agrees with the previously reported strong THG at the interface between different materials [22, 23] . No TH was measurable in the bulk of the glass due to the limitation of the coherence length with respect to the Gouy phase shift [24] . On the contrary, a relatively low SH signal was measured at the glass surface. A significantly increased SH signal was observed only when the focal point was moved completely into the bulk of the glass. In fact, the color change from blue (TH at 359 nm) to green (SH at 538 nm) could be clearly seen even with the naked eye by placing white paper in front of the spectrometer and slowly scanning the focal position from air into the glass slide. Figure 2 also shows that the SH intensity gradually increases when moving the excitation focal point further into the glass until it reaches the maximum near the second surface. In another experiment based on the similar setup, z-scan measurements of SHG were performed at different pump power levels and different aberration-correction settings of the objective lens (see Figs. S4 and S5 [21] ). It becomes apparent that aberration correction of the objective lens has played a key role in the increase of SHG when the focal point was moved deeper inside the glass slide.
Generally, high-order multipole interactions are considered much weaker than surface electric-dipole interactions. However, the results shown in Fig. 2 reveal a much stronger bulk SHG inside the centrosymmetric bulk. The sharp peak of THG at each surface of the sample indicates that the Rayleigh length of the focused optical field is much shorter than the thickness of the glass slide, and the SHG observed inside the glass sample in our experiment was created predominately from the bulk contribution. Although the surface response can be generated by the longitudinal component of the focused field, this component is usually weak, and more importantly the maximum of this longitudinal component only exists at the focal plane. Therefore, when the focus is moved away from the surface of the glass slide, the magnitude of this longitudinal component gradually diminishes, and is eventually suppressed completely when the focal point is deep inside the glass slide. It should be pointed out that no noticeable bulk SHG was observed inside the bulk glass in previous THG experiments in which glass slides were also excited by focused excitation fields [22, 23] . This was due to the relatively small numerical aperture of the focusing objective lens used in those experiments, which resulted in a greatly reduced field gradient at the focal region, and thus much lower SHG efficiency inside the bulk [21] .
Several other types of glass samples have also been tested, including BK7, Pyrex, quartz, and soda lime. The thickness of the borosilicate glass sample is 146 μm, while other glass samples are all approximately 1 mm thick. Nevertheless, the measured SHG and THG are characteristically similar to those described in Fig. 2 , including two peaks of THG at the surfaces and increasing SH intensity along the z-scan direction. The power conversion efficiency, defined as the power ratio between the SH output and the fundamental input, was measured for each sample with 0.5 W excitation pump power. This is equivalent to a pulse peak power of approximately 1 MW, which is slightly lower than the self-focusing threshold power of 1.5 MW for the glass [25] . Considering the 1 µm focal spot diameter, the power density of 1.4 × 10 17 W/m 2 is also approximately half of the breakdown power density of the glass [25, 26] . For fair comparison, the focal point was positioned 137 μm inside the sample (measured from the front surface) for all samples. As shown in Fig. 3 , the power conversion efficiency due to bulk SHG ranges from 0.5 × 10 −7 to 5 × 10 −7 for these glass samples. The inset of Fig. 3 shows the pump power dependency of bulk SHG inside the borosilicate glass in dB/dB scale. The slope of approximately 4 dB/dB shown in Fig. 3 indicates a strong impact of self-focusing in which the power density increases with the square of the pump power because of the size reduction of the focal point [21] .
In order to better understand the basic mechanism of bulk SHG in glass samples, the impact of the state of polarization (SOP) of the incident PW on the SH radiation pattern was investigated. By rotating the quarter-wave plate, the SOP of the pump wave can be progressively changed from linear to circular, as illustrated in the first row of Fig. 4 . ϕ represents the angle between the polarization direction of the incident PW and the optical axis of the quarter-wave plate. The SHG radiation pattern corresponding to each SOP of the incident PW can then be recorded by a camera as shown by the second row of Fig. 4 . The third and fourth rows of Fig. 4 show the results of theoretical calculations based on the contributions proportional to the parameters δ and γ , respectively. With ϕ = 0
• , the incident PW is x-linearly polarized. The radiation pattern of SH exhibits a two-lobe structure, and the orientation of those two lobes is perpendicular to the x direction. It is worth noting that this orientation is 90°apart from the previously reported results [17, 27] , and this difference may help elucidate the fundamental mechanisms behind bulk SHG of different conditions. In our experiment, the bulk contribution primarily originates from the 3D field gradient, while the previously reported SHG [17, 27] was predominately resulted from the transverse field gradient. This explanation was validated by theoretical analysis. Indeed, in the numerical modeling, by setting the field components in the z direction to zero, the SH radiation pattern would rotate by 90° [21] . With the increase of ϕ, the SH radiation maintains its two-lobe pattern, while the orientation gradually rotates. However, as ϕ approaches 45°(circular polarization) the radiation pattern quickly becomes doughnut shaped. For all of the ϕ values investigated here, theoretical calculations based only on the parameter δ produce SH radiation patterns which match the experimental results well. Meanwhile, the calculated radiation patterns corresponding to γ exhibit a constant doughnut shape independent of the SOP of the incident PW. The obvious ϕ angle dependence of the measured SH radiation pattern clearly implies that δ is the dominant contribution to the bulk SHG. The minor difference between the measured and calculated SH radiation patterns can be attributed to the residual contribution from the parameter γ . In Ref. [8] , a quantitative tensor analysis of the effective dipolar surface nonlinearity and multipolar bulk nonlinearity was performed using the two-beam scheme. It was found that the ratio between the two bulk parameters was approximately γ /δ ≈ −0.5. Apparently, radiation patterns calculated with this ratio, as shown in the last row of Fig. 4 , cannot reproduce our experimental observations. Instead, the comparison between our experimental and theoretical results suggests that the contribution from δ is much stronger than that predicted in Ref. [8] , and the magnitude of the ratio of |γ /δ | should be lower than 0.1 in SHG measured with a tightly focused excitation field. This conclusion was reached from our unique experimental setup based on a tightly focused excitation beam which eliminated the interference from surface response.
In conclusion, a bulk SH response inside glass slides was directly detected without interference from the surface contribution. When the incident PW was not circularly polarized, a two-lobe-shaped SH radiation pattern was observed with an orientation 90°different from the previously reported results. This difference is attributed to the strong 3D gradient of the excitation field used in our experiment. The comparison between theoretical and experimental results for SH radiation patterns with different SOPs of the incident PW indicates that the parameter δ was the dominant contribution to bulk SHG, which is much stronger than the previous estimation.
